Over the entire reproductive lifespan in mammals, a fixed number of primordial follicles serve as 25 the source of mature oocytes. Uncontrolled and excessive activation of primordial follicles can 26 lead to depletion of the ovarian reserve. We observed that disruption of ESR2-signaling results in 27 increased activation of primordial follicles in Esr2-null (Esr2-/-) rats. However, follicle assembly 28 was unaffected, and the total number of follicles remained comparable between neonatal wildtype 29 and Esr2-/-ovaries. While the activated follicle counts were increased in Esr2-/-ovary, the number 30 of primordial follicles were markedly decreased. Excessive recruitment of primordial follicles led 31 to premature ovarian senescence in Esr2-/-rats and was associated with reduced levels of serum 32 AMH and estradiol. Disruption of ESR2-signaling through administration of a selective antagonist 33 (PHTPP) increased the number of activated follicles in wildtype rats, whereas a selective agonist 34 (DPN) decreased follicle activation. In contrast, primordial follicle activation was not increased in 35 the absence of ESR1 indicating that the regulation of primordial follicle activation is ESR2-36 specific. Follicle activation was also increased in Esr2-mutants lacking the DNA-binding domain, 37 suggesting a role for the canonical transcriptional activation function. Both primordial and 38 activated follicles express ESR2 suggesting a direct regulatory role for ESR2 within these follicles. 39
Introduction
Primordial follicles generated during early life serve as the source of fertilizable oocytes in in the oocytes of primordial follicles (14) . Inhibitory factors secreted from the primordial follicles 70 or from activated follicles may also maintain the primordial follicles in a dormant state (18) . 71
Previous studies with mutant mouse models have identified several growth factors and 72 cytokines involved in primordial follicle activation. While TGF-β superfamily members such as subcutaneously into wildtype rats from postnatal day (PND) 5 to 15. Rats were sacrificed on 124 PND16, and the ovaries were processed either for histological examination or for total RNA and 125 protein analyses. 126 as described previously (52) . The primordial follicles were recognized as small oocytes surrounded by a few flattened GCs, the primary follicles contained larger oocytes surrounded by a single layer 140 of cuboidal GCs, and the oocytes in the secondary follicles were surrounded by multiple layers of 141
GCs. The tertiary follicles were categorized into early antral and antral follicles based on 142 appearance and extent of the cavities within the follicles (Figure 1D) . Atretic follicles were 143 recognized by pyknotic GCs surrounding degenerated oocytes. The follicles were counted on every 144
fifth section under light microscopy (49,50). To avoid counting the same follicle more than once, 145 primordial and primary follicles were counted if they exhibited a nucleus, whereas the secondary, 146 early antral, and antral follicles were counted only in presence of a nuclei with prominent nucleoli 147 (49-51). The counts were multiplied by 5 to obtain the total count of follicles in the whole ovary. 148
149

Protein extraction and western blotting 150
Ovaries were collected on PND 4, 6, and 8, and total protein was extracted from the ovaries using 151 1X SDS lysis buffer (62.5mMTris-HCl pH 6.8, 2% SDS, 42 mM dithiothreitol, 10% glycerol, and 152 0.01% bromophenol blue), containing protease and phosphatase inhibitors (Cell Signaling  153 Technologies, Danvers, MA). Ovarian lysates were sonicated to shear DNA and reduce viscosity, 154 heat denatured, and separated on a 4-20% SDS-PAGE. Electrophoresed proteins were transferred 155 from the gel to PVDF membranes, blocked with 5% skim milk in TBST (1xTBS buffer containing 156 0.1% Tween-20), and incubated for 1h at room temperature with specific primary antibodies 157 ( 
Isolation of primordial and primary follicles 175
Approximately 100 mg of minced PND12 rat ovary tissue was digested in 1ml of digestion 176 medium [199 media containing 0.08 mg/ml of liberase with medium-concentration of thermolysin 177 (Roche Diagnostics GmbH, Mannheim, Germany) supplemented with 5U/ml of DNase I and 1% 178 BSA (Thermo Fisher Scientific, Waltham, MA)]. The digestion mix was agitated on an orbital 179 shaker (Disruptor Genie, Scientific Industries, Bohemia, NY) at 1500 rpm for 30 min at room 180 temperature. The enzymatic reaction was stopped by addition of 10% FBS. Digested ovary tissues 181 were passed through a 70µM cell strainer (Thermo Fisher Scientific) to remove the secondary, and 182 large follicles as well as tissue aggregates. The filtrate containing the small follicles and cellular 35µM strainer was reverse eluted with medium 199 to isolate the primary follicles and the filtrate 185 was subjected to sieving through a 10µM cell strainer (PluriSelect USA, Gillespie Way, CA) to 186 separate the primordial follicles from other cellular components. Finally, the 10µM cell strainer 187 was reverse eluted to isolate the primordial follicles. Unwanted cellular components were removed 188 from the desired follicles under microscopic examination before proceeding to RNA isolation. 
Increased number of antral follicles in Esr2-/-rats 211
Exogenous gonadotropins were administered to PND28 prepubertal rats to induce follicle 212 maturation. Compared to the wildtype, Esr2-/-ovaries exhibited a larger number of antral follicles 213 4h after hCG administration into PMSG primed rats (Figure 1A, B ). At this time point, cumulus-214 oocyte complexes (COCs) were isolated from the gonadotropin-stimulated ovaries by needle 215 puncture, and cumulus cells were mechanically removed to count the oocytes. Oocyte counts were 216 significantly higher in Esr2-/-rats ( Figure 1C) . To compare the extent of follicle maturation 217 between wildtype and Esr2-/-rats, total follicle counting was performed in serial sections of 218 gonadotropin-stimulated ovaries. While the number of primordial follicles were decreased, the 219 number of primary, secondary, and antral follicles were markedly increased in the ovaries of Esr2-220 /-rats (Figure 1E-G) . We further investigated the status of follicle activation in Esr2 mutant rats 221 prior to gonadotropin treatment. 222 223
Loss of ESR2 leads to the activation of primordial follicles 224
We detected an increase in the recruitment of primordial follicles to the growing pool in PND28 225
Esr2-/-rat ovaries in the absence of any gonadotropin treatment (Figure 2A counts with a corresponding increase in the number of activated follicles was detected in both increased primordial follicle activation was found to be approximately twofold greater in Esr2-/-231 rats compared to wildtype. However, there was an increased number of atretic follicles in Esr2-/-232 ovaries (Figure 2B, E, H) . 233 234
Loss of ESR2 results in premature ovarian senescence 235
We observed that total follicle counts in PND8 ovaries were similar between the wildtype and 236
Esr2-/-rats; however, the primordial follicle counts were decreased by ~35% in Esr2-/-ovaries 237 ( Figure 3A) . Further analyses of follicle count in 4wk, 12wk, and 24wk old Esr2-/-and age-238 matched wildtype rats revealed a sharp decline in primordial follicles in Esr2-/-ovaries ( Figure  239 3B-H). Moreover, this decline in ovarian follicle numbers was associated with a significantly 240 lower levels of serum estradiol and AMH in 24 wk old Esr2-/-rats. (Figure 3I, J) . 241 242
Regulation of primordial follicle activation is ESR2-dependent 243
Similar to Esr2-/-rats, an increased activation of primordial follicles was also observed in rats 244 carrying a homozygous mutation in the DBD of Esr2 (Figure 4A, B We detected abundant expression of ESR2 mRNA and protein in PND4, 6 and 8 ovaries ( Figure  254 5 A, B). Expression of Esr2 was also evident in primordial and primary follicles isolated from 255 wildtype rat ovaries (Figure 5 C-E) . Previous studies have shown that primordial follicle 256 activation is regulated by the PI3K-PTEN-AKT and the mTORC1-TSC1/2-P70S6K signaling 257 pathways (14,53). We therefore assessed the activation status of selected signaling molecules 258 within these pathways in PND8 Esr2-/-ovaries and compared with that of wildtype. We observed 259 increased activation of pAKT (T308 and S473) (Figure 5F-I 
Loss of ESR2 increased expression of factors upstream of AKT and mTOR signaling 266
ESR2 is a transcriptional regulator and we have determined that the DB-dependent transcriptional 267 activation function of ESR2 is required for regulation of primordial follicle activation (Figure 4) . 268
Therefore, we assessed the expression of factors that are known to activate the AKT and mTOR 269 pathways and increase primordial follicle activation. Upstream regulators of AKT signaling 270 including Kitlg, Kit, and Igf1 (Figure 6A-C) as well as Adcyap1r1 (Figure 6F) During the isolation of oocytes from the gonadotropin stimulated PND28 ovaries, we were 280 surprised by a threefold higher yield in Esr2-/-rats. This appears to be due to the presence of a 281 large number of activated follicles in Esr2-/-ovaries that were able to respond to gonadotropin 282 treatment. This increased number of activated follicles was associated with a decreased number of 283 primordial follicles suggesting excessive recruitment of primordial follicles. It is well known that 284 activation of primordial follicles is independent of gonadotropin signaling (11). Thus, increased 285 activation of primordial follicles observed in Esr2-/-rats was presumably independent of 286 gonadotropin stimulation. It was confirmed by an increased activation of primordial follicles in 287 PND8 and PND16 Esr2-/-ovaries and these findings suggest involvement of an intraovarian 288 mechanism, which was defective during the early ovarian development due to the lack of ESR2. 289 Estrogen signaling plays a crucial role in ovarian follicle assembly, follicle development, 290 and ovulation (42,43). Previous studies have shown that increased activation of ESR2-signaling 291 can result in aberrant assembly of primordial follicles (42,43,54,55). However, we did not detect 292 any significant changes in total follicle counts in PND8 ovaries due to the disruption of ESR2-293 signaling. Rather, we did observe a reduced number of primordial follicles and increased numbers 294 of primary and other growing follicles. Our findings suggest that ESR2 functions in controlling 295 the entry of primordial follicles into the growing pool, and thus plays a decisive role in determining 296 female reproductive longevity. excessive activation resulted in premature depletion of the primordial follicles in Esr2-/-rats. By 299 24 weeks of age, Esr2-/-rats contained less than 15% of the primordial follicles observed in 300 wildtype ovaries ( Fig 3B) . As expected, the rapid decline in the follicle reserve led to premature 301 ovarian senescence associated with a low AMH and estradiol level. AMH is an established 302 indicator of follicle reserve and the serum level correlates well with the fertility potential (56,57). While screening for candidate genes that may act as upstream regulators of the PI3K-AKT 331 pathway, we identified upregulated expression of several growth factors and cytokines in Esr2-/-332 ovaries (Figure 6,7) . Among these growth factors, KITLG and IGF1 can activate receptor tyrosine 333 kinases on oocytes and induce activation of primordial follicles (22,65-67). The other upregulated 334 factors are oocyte-derived TGFβ family members including BMP4, BMP15, and GDF9, which are 335 known to stimulate follicle activation (19, 20) . While GDF9 and BMP15 can activate the mTOR 336 pathway (68), BMP signaling can also activate the ERK pathway through TAK1 (69). In addition 337 to these factors, upregulation of ADCYAP1R1, and NPM2 were prominent in PND8 Esr2-/-rat 338 ovaries, which might have also contributed to the activation of the PI3K-AKT pathway. NPM2 is 339 a transcriptional regulator in oocytes (70), which was found to activate the AKT (71,72), mTOR, 340 and ERK pathways in other cells (73). While ADCY3 is expressed in oocytes, its receptor 341 ADCYAP1R1 is expressed in GCs; ADCY3 signaling generates cAMP, which in turn can activate the AKT pathway (74). As stated previously, these factors may regulate follicle activation but how 343 ESR2 is implicating them in the ovary is currently unclear. 344
In this study, we demonstrate a novel role of ESR2 in maintaining the primordial follicle 345 reserve. Excessive activation of primordial follicles leads to premature loss of the follicle reserve. 346
Our findings suggest that ESR2 is involved in downregulating the expression of ovarian-derived 347 factors, which function to activate key signaling pathways that induce primordial follicle 348 activation. Loss of ESR2 upregulates these factors and results in an increased activation of the 349 signaling pathways that promotes primordial follicle activation. 
